ABSTRACT
INTRODUCTION
Quantitative mineralogy of mine tailings is an essential component of any solution to deal with the problem of acid mine drainage (AMD). However, predictive models require the quantification of the reactive sulphides and the neutralizing minerals [1, 2, 3, 4] . The size-bysize mineralogy gives the kinetics dimension of the acid generation and neutralization reactions [5] . While this information is not provided by traditional techniques such as X-ray diffraction or chemical analyses, scanning electron microscope (SEM) based automated imaging systems are among the most efficient ways to obtain this type of data [6, 7] .
Various research groups have developed their own methods for automated mineralogy using SEM and image analysis [8, 9, 10] . Most of these techniques are based on image analysis tools developed in Canada by CANMET [11, 12] . These techniques process backscattered electron (BSE) images and include energy dispersive spectrometry (EDS) to refine the analysis [12, 13] . Mineral liberation information [13, 14] and stereographical corrections [15, 16] are also applied. The most widely used commercial technique is the Mineral Liberation Analyzer (MLA) developed by the JKTech laboratory [10, 17, 18] .
The CSIRO laboratory has developed another technique, based on X-ray spectrometry, which has led to QemSCAN technology [19] . In this case, the BSE image is mainly used as a pretreatment to locate particles. The electron beam then scans each particle to map the X-ray emissions in order to identify mineral phases with a specific pixel resolution (that varies in size depending on the magnification). The QemSCAN has now been used in various ore characterization and mineral process optimization studies [20, 21, 22] .
In this paper, the authors present a method for mineralogical characterization and mineral quantification using a SEM-EDS-image analysis system (SEM-EDS-IA). The method, which is applied here to mine tailings, is based on the CANMET approach. This paper presents the testing techniques and data processing tools developed to transform the SEM-EDS-IA data into mineralogical information. Three standards, made from pure minerals, were used to calibrate the method. The data processing tools were then applied to characterize existing tailings from a hard rock mine. Vol.10, No.12 Development and Calibration of a Quantitative, Automated Mineralogical Assessment 1113
MATERIAL AND METHODS

Mineral Samples and Mine Tailings
Pure minerals samples were selected to prepare the standard blends, which served to calibrate the proposed technique. Three main sulphide minerals and two gangue phases were chosen: pyrite from Huanzala, Peru; sphalerite from Matagami, Canada; chalcopyrite from Huelav, Spain; calcite from Mistassini, Canada; quartz from St Bruno de Guigues, Canada. Pure minerals were collection samples from Minérobec, Quebec, Canada. The pure mineral samples were ground and sieved at 106 µm to remove large particles. Three standard blends (A, B and C) were prepared to simulate the mineral diversity of mine tailings. The reference mineralogy was calculated by weight proportion based on the pure mineral content in each blend, taking into account the minor impurities in each mineral sample. In these samples pyrite was the main reactive sulphide mineral and calcite was the main acid neutralizing mineral. The three blends were made to obtain acid generating materials, i.e. acid potential (AP) superior to neutralization potential (NP) or net neutralization potential (NNP) inferior to -20 kg CaCO 3 /t (NNP = NP-AP). The AP and NP are defined as follow: AP = Pyrite content(%) * 0.535 * 31.25, and NP = Calcite or Dolomite content(%) * 10. AP and NP are both expressed in kg CaCO 3 /t.
The acid-generating tailings selected for this work were sampled at the mill of the Louvicourt mine, Abitibi-Témiscamingue, Québec, Canada (closed in 2005), which processed a Cu-Zn sulphide rich ore. Details on sampling and characteristics (particle size distribution, chemical analyses, X-ray diffraction analysis) of these mine tailings have been presented elsewhere [23] .
Particle Size Distribution
A Mastersizer S instrument from Malvern using the laser diffraction principle was used to determine the particle size distribution of the materials. Kelly et al. [24] have recently shown that particle size distributions obtained via image analysis and laser diffraction techniques are usually similar.
Equipment Used for Mineralogical Characterization with SEM-EDS-IA
The samples were mounted into epoxy resin and with the hardener Epoxycure ® from Buehler Canada. The SEM is a Variable Pressure Vacuum S-3500N from Hitachi, coupled with a Link ISIS series 300 EDS System from Oxford Instruments. A tungsten hairpin-shaped filament was used under the following conditions: 20 kV for voltage, about 110 µA for current intensity, with a low vacuum pressure of 25 Pa. This type of SEM does not need a conductive coating onto the polished sections. The working distance was fixed at 15 mm, the optimum for EDS analysis. The SEM is equipped with a Robinson scintillator BSE detector and a motor driven sample stage for X and Y axes. The X-ray detector is made of Si(Li), and is settled with an X-ray take-off angle of 35°. The elemental compositions were quantified with a ZAF correction calculation, calibrated using pure mineral phases [ZAF is a correction based on atomic number (Z), absorption (A) and fluorescence (F) of the analyzed emission]. Data were processed off-line by SEMIAD 3.0 software, a home-made program written in Visual.Net to extract the mineralogical information from the SEM-EDS-IA system. Addition details on the approach are presented later.
MEASURMENTS, RESULTS AND DISCUSSION
Development of the SEM-EDS-IA Method
Mineral quantification from image analysis is based on the commonly used assumption that mineral surfaces and volumes have equivalent distributions in a given material. Figure 1 illustrates the three different steps of the process: sample preparation, on-line analysis, and off-line data processing. It is important to mention that multimineral particles are not taken into account when using the method presented in this paper. Fine tailings, such as the one studied here (d 10 each particle by image processing, and measurement of morphological and chemical properties for each feature. The process is repeated, after a small sample displacement, for other areas as illustrated in Figure 1 .
The brightness, the contrast and the focus of the BSE images are optimized to maximize the difference between particles and resin, as well as between adjacent grains. Magnification is selected to maximize the scope of the analysis, based on the particle size distribution of the sample. During analysis the magnification is selected to obtain a probability of analysis of the coarser particles higher than 50 % (the probability of analysis will be defined further below, see equation 3). The analyzed zone is composed of a grid of 20 images per polished section, typically containing approximately 10,000 particles. The resolution of each image is 512×368 pixels.
Image processing generates the individualization of the particles. The different grey levels of the BSE image are used as thresholds to isolate the particles. Three grey levels are applied to individualize sulphides and heavy metal oxides (white, or pale grey), silicate and carbonate minerals (grey) and resin (black, or dark grey). Four mathematical operations are then used to clean the binary image obtained from the initial individualization: erode, dilate, open/reconstruct/border_kill and hole_fill (see [12] for details).
The main morphological parameter determined is the area(s) of the targeted feature(s); other parameters, such as perimeter, shape, Feret diameter at 0 and at 90 degree are also available (but will not be discussed here). The chemical compositions are obtained for the elements of interest: O, Na, Mg, Al, Si, S, K, Ca, Fe, Co, Ni, Cu, Zn.
Off-line data processing of the SEM-EDS-IA analyses
The authors have developed software, called SEMIAD, to process the data obtained from the SEM-EDS-IA step and convert the morphological and chemical data of each particle into various mineralogical information, i.e. mineral identification, particle diameter, specific surface and stoichiometric composition (for selected minerals). The software builds two-bytwo combinations of mineralogical parameters in order to obtain size-by-size mineralogy, and size-by-size stoichiometric composition for specified minerals or the specific surface of selected minerals. Mineral identification and particle size calculation are the parameters discussed in this paper.
Mineral identification is based on the elemental analysis performed on each particle (with the probe positioned at the grain barycentre). The elemental composition is then compared with the composition of known minerals from a database of more than 4,300 minerals referenced from the web site webmineral.com [25] . The database can also be adapted to take into account minerals believed to be present and continuous mineral series. The identification begins with the calculation of the difference between the composition of the unknown particle and the composition of each referenced mineral from the database. Figure 2 illustrates the process of mineral identification in the simple case of pyrite-pyrrothite discrimination via S and Fe analyses.
Figure 2.Mineral identification principle in a two-dimensional elementary space for S and Fe
The expression of the difference d X-Min is similar to the Euclidian distance between two points in the space:
Where, d X-Min is the difference between the unidentified particle (X) and the reference mineral (Min) expressed in wt% E i X and E i Min is the composition of the element E i in the particle X and the reference mineral Min respectively, also expressed in wt%.
The difference d X-Min is calculated via a summation for each element i that composes the reference mineral. The lowest difference leads to the mineral identification (i.e. pyrite in the illustration example Figure 2 ).
Particle size is calculated from the morphological parameters. Various models can be applied to determine the diameter from perimeter or area measurements [7, 12, 26] . Since the reference for particle size distribution determination is the laser diffraction measurement, the same particle model is used: circular equivalent diameter d p :
Where, d p is the diameter of particle p (µm) A p is the area of particle p (µm 2 ).
Typical tailing particles are generally more angular than spherical. This particle model assumption may be taken as a first simplification of the methodology. However, the results of particle analysis that can be obtained from IA on polished sections need some corrections due to preparation methodology and stereological effects. This paper details the corrections proposed in SEMIAD for the preparation methods used by the authors.
The first correction concerns the image sampling effect that is linked to the image treatment process. The sub-routine border_kill erases the particles that touch the image border (see the images in Figure 1 ). Therefore, the larger the particle the higher the probability it touches the border and is erased. This correction is adapted from the correction of Miles-Lantuéjoul [27, 28] . A probability of analysis P a depending on the particle diameter d can be defined:
Where P a is the probability of analysis A i is the area of the image, which depends on magnification (µm 2 ) r is the proportion of the image (length/width ratio) d is the diameter of the particle (assimilated to a sphere) expressed in µm.
It is possible to correct the number of particles included in the sample by applying the probability P a to each size class of a size-by-size mineralogy enumeration.
The two remaining corrections deal with differential sedimentation rates in epoxy resin. During the hardening of the epoxy resin, the particles can segregate in the epoxy-hardener mix depending on their size and specific gravity and some may accumulate at the bottom of the section, which is the analysis surface. Figure 3 -A confirms this sedimentation phenomenon during resin hardening via optical microscopy observations on a transversal section of a polished section of pyrite powder. Figure 3 -B presents the quantification of the surface coverage of particles, which confirms the accumulation at the bottom of the section profile. Stokes' equation can be applied to model particle sedimentation within the epoxy resin. During hardening, the resin-powder system can be considered as a non turbulent flow. Indeed, the mineral particles are bigger than the resin molecules. Moreover, the particle interactions are assumed negligible and the particles are assumed to be spheres. The dynamic viscosity of the epoxy resin is unknown and increases with the hardening process. Therefore, only the relative motion of the particles between each other can be obtained, and this motion is a function of the squared diameter and the density of the particles:
Where ω s is the velocity of the particle (cm/s)
Vol.10, No.12 1118 d is the particle diameter (cm) η is the resin viscosity (Pa.s) ρ p is the particle density (g/cm 3 ) ρ r is the resin density (1.2 g/cm 3 ) g is the acceleration due to gravity (cm/s 2 ). It is also assumed that the analysed surface is representative of particle accumulation by sedimentation because the rough polishing is generally stopped when particles appear. Therefore, the observation of the polished surface should contain more coarse particles than the initial sample. This relative enrichment is proportional to the square of the diameter and can be corrected by dividing the proportion of each size class by the square of its representative diameter, which in this case is the upper limit of the size class.
Similarly to the size correction for differential sedimentation, Stokes' equation models the density segregation for a given particle size. The mineral density data was obtained from the website webmineral.com [25] . According to Stokes' equation, a linear relation links the accumulation process to the difference between the particle and the resin densities. It is possible to correct the amount of analysed particles according to the density of each identified mineral for a given size class.
The last correction for bulk section analysis is based on the correction of Exner and Giess [29] . In a population of similar spherical grains, the surface resulting from polishing creates 
apparent diameters, equal to or smaller than the real diameter of the grains. This stereological effect is widely referred to in the literature [30, 31] .
It is possible to statistically model the distribution of the apparent diameters, assuming that the position of the polishing plane within a particle follows a uniform probability. This correction is known to be shape dependent [15, 31, 32] , however in this first version of SEMIAD, the particles were assumed to be spheres. The apparent diameter distribution is expressed by the probability that an apparent diameter belongs to the size class ]B -;B + ]:
( )
Where, P(B Assuming that the largest diameter analysed by the SEM-EDS-IA system is the biggest particle in the sample, it is possible to calculate and remove the fine-particle pollution by generating a target size class using the probability defined in equation 5.
Finally, the SEMIAD process associates a curve fitting application based on the RosinRammler model to smooth the cumulative particle size distribution [33, 34] :
Where, % volcum is the cumulative volume proportion of the particles smaller than size d d* is the diameter for the percentile under 63.2 vol%, which is a reference parameter of the model exponent S is the dispersion constant.
The value of the two model parameters (d* and S) are obtained from a mathematical regression on the experimental data.
Calibration of the SEM-EDS-IA Method with Standard Blends
Two correction packages are presented in this paper: SEMIAD PA-MS-PS and SEMIAD PA-PSS-MS-PS where PA corresponds to the correction according to the probability of analysis (equation 3), PSS is the particle size sedimentation correction (equation 4), MS is the mineralogical segregation occurring during epoxy hardening (equation 4) and PS is the sectioning effect during polishing (equation 5). All standard blends are analysed at 100x magnification. Figure 4 show that the higher the mineral content the more precise the SEMIAD analysis. Analyses using the three corrections showed a relatively good correlation for the major phases (20-100 wt%), i.e. pyrite and quartz in Table 1 , with a relative error between 1 to 5 % (Figure 4) . Precision also increased for less abundant phases (1-20 %) when the three-correction analysis was used with a relative error close to 10 % (Figure 4) . The relative error for the four-correction analysis was higher than the three-correction analysis for the major and minor phases, with a relative error between 2 and 20 % (Figure 4) . However, the accessory phases (0.1-1 wt%) were better analysed with the four-correction analysis method with a relative error up to 10 % versus 40 to 80 % relative error with the three-correction analysis (Figure 4 ).
Figure 4:
Relative error vs. proportion of the target mineral by SEMIAD with the threecorrection package (square) and the four-correction package (triangle) for the three standard blends A, B and C Since the method is based on image analysis where the mineral quantification is based on the mineral size, it is crucial to quantify a correct size distribution of the particles. Figure 5 presents the particle size distributions obtained with the SEMIAD method of the bulk sample and each mineral phase for the standard blend A. The three-correction analysis (PA-MS-PS) showed a particle size distribution more representative of the main particle size than the one from the four-correction analysis (PA-PSS-MS-PS). This is illustrated in Figures 5-A, C, D , E, F, and G where the intervals of the size classes 40-200 µm analysed with the SEMIAD PA-MS-PS correspond to those obtained with laser diffraction measurement, whereas the particle size distributions of the SEMIAD PA-PSS-MS-PS analysis presented a shift toward the fine fraction (10 to 100 µm). The weak mineral estimation obtained with the fourcorrection analysis (TABLE 1) could be due to the problem of non representative particle size. The correction PSS for particle size sedimentation within the polished section has led to a distortion of the mineralogical proportions by overestimating the fine fraction. The PSS correction assumes a differentiation of the particles due to their size when falling during epoxy hardening. The coarse particle size (above 60 µm) might have a sedimentation speed sufficient to led to a representative surface after polishing regarding the mineralogical characterization, because the size class above 60 µm represents more than half of the standard blend (Figure 5-B) . Analysis of the major particle size fraction (Figure 5-A) led to the best mineralogical representation (TABLE 1) . Therefore, the PSS correction was not required in this case due to the coarse particle size distribution.
Since the environmental parameters AP, NP and NNP are directly linked to the mineral content by calculation as presented in part 2.1, the best mineral quantification led to the closest estimation of the environmental behaviour of the blends. The three-correction package is therefore advised for environmental characterization in this case.
Concerning the accessory phases like sphalerite, the standard blend A showed a more accurate quantification with the four correction routine (TABLE 1). The particle size distribution (Figure 5-D) shows both of the corrections shift emphasis to the fine fraction and consequently misses the main sphalerite size classes. However, the PSS correction increased the fine particle representation and led to an increase in quantification compared to the threecorrection analysis (Table 1 ). The statistics generated by this type of analysis are very important. The number of analysed particles should be very high in order to obtain a low relative error for low grade minerals. Jones (1987) has proposed that with a 1 % mineral proportion 160,000 particles should be analysed to obtain a relative error of 5 %. (Figure 5-A, C, D, E, F and G) . The 100x magnification of the overall imaging was chosen according to a probability of analysis superior to 50 % for the coarser particles (using 250 µm in equation 3). The absence of this coarse fraction (150-250 µm) in the particle size distribution (Figure 5) indicates that the probability of large grain analysis that controls the magnification selection (and consequently image size; equation 3) should be higher than the arbitrarily 50 % used in this study. A more appropriate value may be 75 %, with an observed diameter equal to 150 µm.
Whichever SEMIAD analysis correction package is used, the finest particles of the standard blend were not accurately analysed. At 100x magnification (resolution of 512×368 pixels), the smallest particle observed was 9 µm. This diameter limit corresponds to the diameter of a nine-pixel particle area taking into account the erosion and dilated routines described above. This detection limit at 9 µm explains the weak accuracy of SEMIAD analyses below this size. Figure 5 -B shows that the fraction below 9 µm corresponds to approximately 15 vol% of the sample according to the laser diffraction analysis. This fine fraction could be obtained by increasing the magnification. Therefore, the analysis may require two different magnifications to cover the whole particle size distribution: magnification inferior to 100x to analyse the particles coarser than 150 µm, and a magnification superior to 100x to analyse the particles finer than 9 µm. The two magnifications could be combined during off-line data processing, which will be described below. chalcopyrite (E), calcite (F), and quartz (G)
Louvicourt Mine Tailings Analysis
The SEMIAD analysis of the Louvicourt tailings was performed at two levels of magnification (100x and 3000x). The two data sets from the two different magnifications were merged at 9 µm; above 9 µm the data set from the 100x magnification was used and below 9 µm the 3000x magnification was used. The proportions of the laser particle size distribution were used to merge the two data sets (32 % of the 3,000x fraction and 68 % of the 100x fraction). TABLE 2 presents the mineralogical compositions of the Louvicourt tailings obtained using the SEM-EDS-IA method using both of the correction packages previously described, as well as a reference mineralogy obtained by a multidisciplinary method [35] . The analyses gave very different compositions. Table 2 shows that the pyrite assay varied between 8 to 14 wt% depending on the correction method. The estimated pyrite content is lower in the case of the three-correction analysis. Pyrite seems underestimated in both correction packages in comparison to the reference mineralogy at 23.6 wt%. As regards to gangue minerals, the chlorite, muscovite and dolomite compositions were relatively close to the reference material at 25, 2 and 2 wt% respectively (TABLE 2). Dolomite content is slightly lower around 2 wt% versus the reference value at 5 wt% (TABLE 2). The estimated quartz and albite content was high using the three-correction analysis (respectively 51.2 and 10.8 wt%, in comparison to 32.5 and 5.6 wt% for the four-correction analysis). This last proportion appears to be closest to the reference mineralogy. Table 2 shows that siderite was quantified at higher amounts with the four-correction analysis than with the three-correction analysis (10.6 wt% vs. 1.4 wt%). The difference between mineral contents may be explained by difference in grain observation/counting. The particle size distribution described further will discuss this point. Moreover, the spherical particle model may also lead to difference in mineral quantification. The particle shape effect and variation depending on the mineral type would have to be investigated on standard material. Figure 6 shows the particle size distributions obtained by SEMIAD analyses and by laser diffraction. The SEMIAD analysis with the three-correction routine clearly shows the absence of the fine fraction below 20 µm. The four-correction analysis gives a particle size distribution close to that of the laser diffraction analysis. In this last case, it can be observed that the coarse particles (50-200 µm) were slightly overestimated, while the fine fractions (2-30 µm) were underestimated. As better particle size quantification results in better mineralogical analysis, the four-correction package was the most accurate analysis. The relatively fine particle size distribution (mainly between 10-50 µm according to the laser diffraction analysis in Figure 6 ) could have led to a significant particle segregation during the epoxy hardening, as previously explained, therefore the analysis of the mine tailings required the PSS correction. The low observation of 10 µm particles may be linked with some preparation challenges or SEM magnification selection as mentioned previously. This may also affect mineral quantification since the various mineral types have generally various particle size distributions. In the case of Louvicourt tailings, the mineral mainly at 10 µm will be underestimated. Figure 7 presents the main strength of the method: the size-by-size mineralogical distribution of the Louvicourt tailings, here with the four-correction analysis. This characterization is not available with any other traditional methods. Despite of the difference observed in term of mineral quantification or particle size analysis, the size-by-size mineralogy is key information to an adapted remediation application. Figure 7 shows significant variations in the particle size distribution of the different minerals. The pyrite is spread between 3 to 150 µm with a relatively uniform distribution in comparison to the whole particle size distribution of the tailings. The silicates were relatively concentrated in the coarse fractions (approximately 80 µm) whereas the carbonates were split into two populations with the finest below 10 µm and the coarsest between 30 to 100 µm, explaining maybe their lowest quantification versus the reference. The Louvicourt mine tailings have proven to be an acid-generating tailings [35] . Even if the environmental parameters are very variable, a pyrite content above 14 wt% and a low proportion of neutralizing minerals (like dolomite) below 5 wt% leads to a low NNP, i.e. below -20 kg CaCO 3 /t (TABLE 2). Mine tailings in the uncertainty zone (-20 < NNP < 20 kg CaCO 3 /t) would require a detailed and accurate mineralogical characterization. Nevertheless, an environmental management strategy is required for the Louvicourt tailings, which are composed of pyrite, sphalerite and chalcopyrite as indicated in Table 2 . The pyrite is the most abundant sulphide and would be the main source of acid mine drainage. However, the zinc and copper sulphides could be the source of contaminated drainage mainly Zn and Cu, but CND may also contain other trace elements such as Cd, Se, Ge, etc… Figure 7 shows that the sulphides were mainly coarser than 5 µm. This is one of the favourable characteristics for managing tailings by desulphurization using bulk-sulphide flotation allowing the majority of the pyrite to be extracted [36] . The residual non-floated sulphides might be primarily fine sulphides with a very fast oxidation rate. The produced acidity by the residual sulphides could be easily and rapidly neutralized by the presence of the carbonates observed in the fine fraction (< 10 µm in Figure 7 ). Therefore the mineralogical and size-by-size characteristics of the tailings are important input data for a preliminary feasibility study for the implementation of a remediation technique like desulphurisation to limit acid mine or contaminated neutral drainage.
CONCLUSIONS
In this paper, the main objective is the development and calibration of the SEM-EDS-IA technology and its application in the characterization of acid-generating mine tailings. The results have emphasized the following points: 1. SEM-EDS-IA analysis was a very informative method. It can produce size-by-size mineralogy with narrow size classes which is not available with any other traditional methods. However, some precautions are necessary and four corrections were developed to improve the precision of the results.
2. The choice of magnification should allow for the analysis of the entire particle size range. This paper demonstrates that in order to capture the large grains a probability of analysis superior to 75 % is required.
3. Stereological corrections are efficient in certain cases and some limits of their applications have been illustrated in this paper. For example the correction for particle sedimentation segregation should not be used with powders coarser than 60 µm;
4. The mineralogical analysis of the mine tailings using SEMIAD allows the preliminary feasibility study for the implementation of a remediation technique like desulphurisation to limit acid generation.
Future research will focus on the improvement of the corrections using calibrated particle size fractions as well as the effect of particle shape and sphere model in mineral quantification. The mineral liberation and the exposed surface quantification will be also a part of the next developments to address mineral reactivity and kinetics in the acid mine drainage context.
